We report the construction and characterization of chicken erythrocyte histone H5 cDNA recombinant plasmids. cDNA was synthesized from poly(A) + polysomal RNA enriched in H5 mRNA and inserted into the PstI site of pBR322. Several clones containing H5 cDNA sequences were obtained and one of them (p541), expressing H5 antigenic determinants, was sequenced. The DNA insert of p541 contains 118 nucleotides from the 5' non-translated region of H5 mRNA and sequences coding for up to residue 46 of the N-terminus of the arginine (position 15) H5 variant. There is a strikingly high number of repeated sequences both in the leader and coding region; among these, the octanucleotide 5' GCG GCG GC 3 ' is found five times along the sequence. Although the H5 mRNA 5 1 leader is GC-rich (66%), there is an AT-rich region, about 16 nucleotides long, which shares strong homology with the leaders of sea urchin histone H1 mRNAs.
INTRODUCTION
H5, a histone functionally and structurally related to the histone H1 family, is found only in the nucleated red blood cells of birds, amphibians, and reptiles (1, 2) , and its occurrence has been correlated with the inactivity of the erythrocyte chromatin.
Although in some respects H5 could be considered a histone H1 variant, its expression has unique features. Thus, while synthesis of the main histone classes is coupled to DNA replication (3) (4) (5) , H5 is synthesized after cessation of DNA synthesis (6,7) resulting in the partial replacement of H5 for H1 in the chromatin (8, 9) . Synthesis of H5 is, however, also observed concurrently with that of the other histones in erythroblasts (8, 9) and even in proerythroblasts transformed by avian erythroblastosis virus (AEV) (1O,11) (Fig.1 ) . The nature of this uncoupling and the levels at which the differential expression of H5 is regulated are as yet unknown. However, the fact that H5 mRNA is polyadenylated (12) , a feature not shared in common with the other histone mRNA from most systems (13, 14) , may be related to this question.
In this paper we describe the construction and characterization of recombinant plasmids containing complementary DNA copies of H5 mRNA. These molecular probes will allow us to study the relationship between histone gene organization and regulation of histone expression in the nucleated erythrocyte.
MATERIALS AND METHODS

Cells
Immature hen erythrocytes were obtained and purified as described (15) . AEV (RAV-2) transformed chicken erythroblast precursor cells (5) were kindly provided by Dr. T.Graf. Cells were labeled with 10-30 pCi of [ 3 H]lysine (75 Ci/mol, Amersham) as decribed previously (16) .
RNA
Immature hen erythrocyte polysomes were obtained as described (15) . Poly(A) + polysomal RNA was prepared by poly(U)-Sepharose (Pharmacia) chromatography (17) . Poly(A) + RNA was fractionated by sedimentation in 10-40% sucrose gradients containing 10 raM Tris-HC1 (pH 7.5), 5 mM EDTA, 0.5% NaDodSO. in a Beckman SW40 rotor at 37,000 rpm for 16 hr at 20°C.
Poly(A) RNA was also prepared from polysomes enriched in H5 mRNA after indirect immunoprecipitation of H5-synthesizing polysoraes (18) . mRNA activity was determined by translation in a rabbit reticulocyte lysate (New England Nuclear) as described (15) . In some assays 30 uCi of [ H]lysine were also included. Histone H5 was selectively extracted from the translation assays and immunoprecipitated with affinity chromatography purified rabbit anti-H5 antibodies (12) .
Construction of recombinant DNA molecules
Single-stranded cDNA (sscDNA) was synthesized by AMV-reverse transcriptase (the generous gift of Dr. J.W.Beard) after priming the poly(A) + RNA with oligo(dT) 12-1g (Collaborative Research) (19) .
sscDNA made in the presence of Actinomycin D (100 pg/ral) was tailed at the 3' end with dCTP and terminal deoxyribonucleotidyl The procedure used for the construction of recombinant plasmids was that of cDNA insertion in the Ps^I site of pBR322 after homopolymer tailing (23) . Aliquots of the annealed DNAs were used to transform E.coli 5K made competent according to Dagert and Ehrlich (24) .
Colony screening and characterization of recombinant plasmids Tc Ap colonies were screened for expression of H5 antigenic determinants according to a modification of published methods (25, 26) . Colonies were grown on nitrocellulose filters, fixed with 18% trichloroacetic acid and neutralized with 1 M Tris-HCl (pH 7.5). Filters were pre-treated with 60 yl/cm of 3% bovine serum albumin in 150 mM NaCl, 5 mM EDTA, 50 mM Tris-HCl (pH 7.5), 0.05% Nonidet P-40, 0.02% NaN 3 (buffer A) for 2 hr at 37°C and incubated under the same conditions with 35 yg/ml of affinitychroma tography purified rabbit anti-H5 antibodies for 16 hr. Filters were washed with excess buffer A and reacted with 0.5 yCi of 125 I-protein A (0.43 yCi/yg) in buffer A for 1.5 hr at 37°C. Filters were quickly rinsed once in water and washed twice in 1 M NaCl, 5 mM EDTA, 50 mM Tris-HCl (pH 7.5), 0.4% Sarkosyl, 0.02% NaN_ for 1 hr each and autoradiographed using Kodak X-Omatic XR-5 film. Colonies were also screened as described by Grunstein and Hogness (27) .
Plasraid DNA from positive clones was linearized with EcoRI 2 (Boehringer), denatured, and cdupled to DBM paper (28) (5 pg/cra ). Paper-bound DNA was hybridized to 150 yg/ml of total poly(A) RNA o (20 yl/cm ) as described (28) . Hybridized RNA was eluted by three consecutive incubations at 65°C for 1 min each with 25 yl/cm of 99% formamide, 1 mM EDTA, 10 mM Tris-HCl (pH 7.5), 25 yg/ml calf liver tRNA. RNA was recovered from the combined supernatants by ethanol precipitation and its activity was determined by cellfree translation.
DNA sequence analysis
The cloned DNA insert of p541 (see Results section) was sequenced as described by Maxam and Gilbert (29) Other analytical techniques NaDodSO. polyacrylamide and agarose gel electrophoresis were carried out as described previously (34, 35) . Polyacrylamide gels were impregnated in Enhance (New England Nuclear) and fluorographed (36) according to the instructions of the manufacturer.
DNA was transferred to nitrocellulose filters (BA85, Schleicher & Schilll) (37) . Hybridization was as described (38) except that poly(G) (1OO yg/ml) was included in the pre-hybridization and hybridiza-tion mixtures, and E.coli DNA (30 pg/ml) was also included in the Grunstein-Hogness (27) colony hybridizations. The probe used was DNA-labeled with [a-P]dCTP (400 Ci/mmole, Amersham) by nick-translation (39) to a specific activity of 1 -2 x 10 cpm/pg. DNA fragments were purified by electrophoresis in Sea-Plaque agarose (Marine Colloids) gels. The DNA was bound to DE-52 cellulose, eluted in 1.5 M NaCl, 1 mM EDTA, 10 mM Tris-HCl (pH 8.0) and precipitated with 0.5 vol of isopropanol.
Biosafety conditions
All recombinant DNA experiments were carried out under L3/B1 conditions as specified by the Zentrale Komraission fiir Biologische Sicherheit of the Federal Republic of Germany.
RESULTS
Histone H5 is the major histone synthesized in the peripheral red blood cells of phenylhydrazine-treated hens (Fig.1c) . The background synthesis of the other histones reflects the small percentage of erythroblasts (1-4%) found in the anemic blood (8) . However, since H5 mRNA represents at most 0.3-0.5% of all cellular mRNAs in the immature erythrocyte (18), we decided to parti- ther with H5 may represent aborted products of H5 mRNA translation. H5 raRNA was enriched about tenfold after this step although it was still highly contaminated with other mRNAs, mainly globin mRNAs and that of a cytoplasmic protein (18) that has a slightly higher electrophoretic mobility in NaDodS0 4 gels than H5 (Fig.2B , fractions 23-25).
sscDNA was synthesized (in the presence of Actinomycin D) from poly(A) + RNA, corresponding to the peak of H5 mRNA activity (Fig.   2B ,C, fractions 21-24) (19) . After alkaline hydrolysis of the RNA, the 3' end of the sscDNA was tailed with dCTP and terminal deoxyribonucleotidyl transferase (20) . For synthesis of the complementary chain, the template was primed with oligo(dG),-1O hybri- p5O7, p541, and p558 grown amidst colonies of the bacterial host.
Methylene blue staining of the colonies on the filter indicated that the stronger signals of these clones were not due to overgrowth (not shown).
To find out whether or not these clones contained H5 cDNA, p541 recombinant plasmid DNA was linearized with EcoRI, denatured and bound to DBM paper (28). The immobilized DNA was then hybridized to total poly(A) polysomal RNA under stringent conditions.
After melting, the hybridized RNA was translated in a rabbit reticulocyte lysate. Fig.4 shows the translation products of total poly(A) + polysomal RNA and of RNA hybridized to p541 and salmon p558 Fig.3 Expression of putative H5 antigenic determinants. Clones p5O7, p541, and p558 that appeared to express H5 determinants were grown among colonies of E.coli 5K as indicated. The picture shows an autoradiogram of the colonies after reaction with anti-H5 antibodies and 125i-pro tein A.
sperm DNA. The major band in the H5 region from the translation of poly(A) + polysomal RNA corresponds to a cytoplasmic protein (see Fig.2B ) which sometimes is not well resolved from H5. Fig.  4 b and d shows the electrophoretic analysis of the cell-free products solubilized by 1 M NaCl, 5% HC1O 4 from the corresponding assays. Clearly p541 DNA hybridized to H5 mRNA (Fig.4c, d ) and, therefore, was likely to contain a H5 cDNA insertion.
To verify this, the inserted DNA was released from the vector by digestion with PstI and its two complementary strands were sequenced. Fig.5 shows the sequence of the cDNA strand that has the polarity of the mRNA (i.e. non-coding strand). The fragment of cDNA cloned is 2 59 base pairs long and has an open reading frame, following the only AUG triplet, which corresponds to the codons for up to residue 46 of the H5 variant containing an arginyl residue at position 15 (40, 41) . In addition, it contains 118 nucleotides from the 5 1 non-translated region.
The lengths of the cloned cDNAs of p541, p5O7, and p558 were in all cases short, and no additional H5 cDNA clones were found after screening the transformants by colony hybridization (27) + polysomal RNA was hybridized to p541 DNA bound to DBM-paper (28) . Hybridized RNA was translated in a rabbit reticulocyte lysate and the products were analyzed by fluorography after electrophoresis in NaDodSC>4 polyacrylamide gels. of the self-primed template, and the resulting double-stranded cDNA was digested with S1 nuclease (22) . Recombinant plasmids r s were then constructed as indicated above and the Tc Ap transformants were screened by colony filter hybridization using as probe the cDNA insert of p541 labeled by nick-translation.
H5
GLOBINSJ m a b c d e
Twelve strongly positive clones, from about 130O screened, were found (i.e. about 1% of the transformants). The frequency of positive clones was lower than expected from the relative proportion of H5 cDNA (i.e. about 10% of the total sscDNA was of the size expected for H5 sscDNA, unpublished observations). This could be partly due to the small size and 5 1 nature of the probe used to identify them. Two of the transformed clones, p551 and p554, were shown to harbor long cDNA inserts: 1350 and 860 base pairs, respectively, and an internal PstI site (Fig.6A, b-e) . Southern blot analysis (37) using nick-translated p541 as probe indicated that the 720 base pairs fragment from p551 and the 280 base pairs fragment of p554 were derived from the 5' portion of H5 mRNA (Fig.6B) . to histone H5 mRNA, a relatively minor cellular mRNA species (18) . For their construction we have started with partially purified H5 mRNA and have been able to use standard oligo(dT) priming for sscDNA synthesis in agreement with our previous observations that the H5 mRNA is polyadenylated at its 3' end (12) .
Two of the recombinant plasmids, obtained from H5 mRNA enriched by immunoprecipitation of H5-synthesizing polysomes, contain very long H5 cDNA fragments, in particular p551 (i.e. 1350 base pairs). This cDNA is longer than our estimate of the length of the bulk H5 mRNA (about 11OO nucleotides, ref.12 and unpublished observations). We do not know, as yet, whether the basis for this apparent discrepancy is due to an anomalous mobility of the DNA in agarose gels, to long homopolymer tails, or to an unexplained cloning artifact. However, since H5 mRNA has 567 coding nucleotides (41) , it follows that it may contain up to 4OO non-translated nucleotides, in addition to the poly(A) track.
The nucleotide sequence of the H5 cDNA clone reveals several interesting points. The GC content in both the non-translated and translated regions is very high (66%) and a number of GC-rich sequences are repeated several times in both regions. Thus, the undecanucleotide 5'-GCGGCGGCCAT-3', the decanucleotide 5'-GGCGGCT CCT-3 1 , and the nonanucleotide 5'-ATCGCGGCG-3' are repeated twice, while the octanucleotides 5'-GCGGCGGC-3' and 5'-GGCTGAAG-3' are repeated five and two times, respectively (Fig.5 ). This high number of direct repeats, unusual for such a short DNA fragment, is not typical of the leader regions of other known mRNAs including those of sea urchin histones which, in addition, are AT-rich (42, 43) .
The nucleotide sequence within the coding region reveals little or no homology with the known sequences of histone H1 genes (44) as may be expected from the lack of homology in the N-terminus of the proteins. It is also evident from Table 1 that sea urchin histone mRNA and H5 mRNA have a tendency to use different codons. There is a clear bias against using U and a preference of G over A as the third letter of the codons in H5 as compared to sea urchin mRNAs. Despite these differences, there is an AT-rich stretch of 16 nucleotides in the H5 mRNA leader (Fig.7) that shares strong ho- Table 1 Codon usage in histone raRNA* * Data from H5 was derived from amino acids appearing four or more times (see Fig.5 ). Data from sea urchin histone (SU) was derived from the sequenced genes of S.purpuratus (45) , P.miliaris (44) and L.plctus H4 mRNA (47) as reviewed by Kedes (48) .
mology (82%) with the leaders of sea urchin histone H1 mRNAs (42, 43) . This homology is significative statistically since the expectation to find the sequence in any two of the species compared is O.5x1O~4 (33) . It is notable that the homology of this leader sequence between H5 and sea urchin H1 mRNAs is as high as that found between the H1 mRNAs of two sea urchin species. Whether this sequence originated in a common ancestor to H1 and H5 genes or it was introduced into these genes later during evolution, it is clear that it has been a high selective pressure to conserve it. It is possible that this sequence may play a common functio- Experiments aimed at characterizing the structure of the H5 gene(s) and its relationship to the genes for the other histones are currently underway.
